Abstract We have developed a high-throughput screen (HTS) to search for novel molecules that can synergize with TRAIL, thus promoting apoptosis of ACHN renal tumor cells in a combinatorial fashion. The HTS detects synthetic compounds and pure natural products that can pre-sensitize the cancer cells to TRAIL-mediated apoptosis, yet have limited toxicity on their own. We have taken into account the individual effects of the single agents, versus the combination, and have identified hits that are synergistic, synergistic-toxic, or additive when combined with TRAIL in promoting tumor cell death.
Preliminary mechanistic studies indicate that a subset of the synergistic TRAIL sensitizers act very rapidly to promote cleavage and activation of caspase-8 following TRAIL binding. Caspase-8 is an apical enzyme that initiates programmed cell death via the extrinsic apoptotic pathway. Thus, these TRAIL sensitizers may potentially reduce resistance of tumor cells to TRAILmediated apoptosis. Two representative sensitizers were found to increase levels of p53 but did not inhibit the proteasome, suggesting that early DNA damage-sensing pathways may be involved in their mechanisms of action.
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Introduction
One strategy in developing new cancer therapeutics having better toxicity profiles compared with current cytotoxic drugs is to utilize molecularly-targeted therapies that selectively target cancer cells versus normal cells and can be used in minimal doses to reduce side effects [11, 32] . Death receptor ligands held initial promise in answering this need because they trigger programmed cell death in their target cancer cells. Unfortunately, Fas ligand (FasL) and tumor necrosis factor-alpha (TNFa), two of the beststudied death ligands, have proven to be too toxic for systemic use as anticancer agents in their native forms. However, the discovery of another death receptor ligand, tumor necrosis factor-a-related apoptosis-inducing ligand (TRAIL; Apo2L) [47, 71] and its receptors [7, 8, 29, 31, 44, 45, 58, 68] , has renewed interest in this area of cancer research. Active TRAIL receptors, TR1 (DR4) and TR2 (DR5) [13] , are often more highly expressed on cancer cells versus normal cells [29, 44] . Inactive TRAIL ''decoy'' receptors TR3 (DcR1) and TR4 (DcR2) are sometimes more prevalent on the surface of normal cells [7, 44, 58] . This complex and inversely related expression pattern for TRAIL receptors may be partly responsible for the selectivity of TRAIL ligand for tumor cells over normal cells, and its ability to preferentially cause apoptotic cell death in cancer cells [18, 43, 62] that may contribute to a more favorable safety profile. TRAIL ligand exists in two forms: as a type II membrane protein expressed on the surface of certain lymphoid cells, and as a cleaved, soluble protein that is detectable in serum [5, 6] . The biological roles of TRAIL ligand in vivo have not been fully elucidated. However, recombinant soluble TRAIL causes apoptosis in sensitive tumor cells [47, 71] , but not normal cells. Therefore, various TRAIL ligand formulations have been investigated for their therapeutic efficacy as well as possible toxicity in mice, cynomolgus monkeys and humans [1, 23, 69] . In response to the poor serum stability of recombinant TRAIL in vivo [23, 69] , and in an attempt to create more targeted therapeutics with fewer side effects, humanized agonistic monoclonal TRAIL antibodies were developed that have either TR1 (HGS-ETR1, mapatumumab) or TR2 (HGS-ETR2, HGS-TR2 J, lexatumumab) specificity [15, 30, 49, 67, 73] . Phases I and II clinical trials were carried out using these antibodies as single agents in patients having solid tumors such as colorectal cancer, non-small cell lung cancer, and nonHodgkin's lymphomas [3, 10, 21, 30, 48, 64, 67] . In general, agonistic monoclonal antibodies to TR1 and TR2 have halflives of days in vivo, good tolerability, low toxicity and are efficacious in promoting stable disease in about a third of certain patient groups, raising hopes that TRAIL-targeted therapies may have broad clinical applicability for cancer.
Although TRAIL has been reported to successfully target certain tumor cells which are resistant to traditional chemotherapies or radiation, TRAIL resistance has also been widely documented [4, 42, 65, 75] . Indeed, many cancer cells are quite resistant to TRAIL as a single agent [2] . It is now recognized that combination chemotherapeutic (or irradiative/chemotherapeutic) regimens may provide cancer patients with a more efficacious and longerlasting treatment option [3, 10, 21] versus traditional cytotoxic mono-chemotherapy. Thus, many tumor cells may require prior sensitization with other agents in order for TRAIL to have direct anticancer effects.
This synergistic, combinatorial approach toward treating cancer with a compound in the presence of TRAIL has been successful in animal models in vivo, and clinical trials in humans are underway [3, 10, 21] . It has been difficult to choose which agents are best for sensitizing tumor cells to TRAIL, as most sensitizers actually only cause additive effects in conjunction with TRAIL, while less often true synergistic TRAIL-sensitizing effects are observed for compounds. Many of the sensitizing agents described to-date have also been identified based on in vitro assays. Often, very high concentrations of compounds are required for TRAIL sensitization in vitro (i.e., sodium butyrate [40] , resveratrol [16] , cisplatin [33] , bisindolylmaleimide III [34] , 5-fluorouracil [25] ), and it is unlikely that such high concentrations could ever be attained in vivo. Sensitizers may target TRAIL pathway molecules that may or may not be present in or relevant across multiple tumor or tissue types. Development of assays that can distinguish between synergistic and additive effects of various compounds in the presence of TRAIL would help researchers prioritize compounds for the study of TRAIL-based combination chemotherapies. In addition, this may help identify compounds that could sensitize tumor cells to TRAIL at concentrations that might realistically be achievable in vivo.
The screen for TRAIL sensitizers was carried out in ACHN renal tumor cells and evaluated 16,480 pure synthetic and natural product compounds from both commercial sources and the National Cancer Institute's Developmental Therapeutics Program libraries. Natural product libraries were included in order to enhance the potential chemical diversity pool from which we might derive novel TRAIL sensitizers. Compounds were initially tested for their ability to reduce cell numbers at one concentration in the presence of a fixed concentration of TRAIL ligand. Confirmed hit compounds were then tested for their dose-dependent ability to reduce cell numbers across a concentration range in the presence of a fixed concentration of TRAIL ligand. In the dose-response format, individual effects of both compound and TRAIL were measured in comparison with the effect of combining the two treatments. Out of 16,480 compounds initially tested, 18 synergistic compounds were confirmed, 14 pure natural products and four synthetic compounds. A related, but somewhat different, study by Schimmer et al. [56] primarily identified synthetic FasL sensitizers in PPC prostate cancer cells. Eight of the synthetic compounds reported were found to also sensitize cells to TRAIL in a secondary assay; however, no natural product TRAIL-sensitizers were reported. Our study instead focuses on detection of synergistic TRAIL-sensitizers as the primary screen, utilizes a renal cancer cell line, and includes libraries containing both natural products and synthetic compounds, which significantly increased the structural complexity and chemical diversity of the resultant hits versus those identified in the Schimmer study. Under our conditions, TRAIL-sensitizers may exhibit some cytotoxic effects when administered alone, but at a higher concentration than was required to potentiate the effect(s) of TRAIL. This category of TRAILsensitizers is referred to here as synergistic-toxic. Additivetype compounds did not potentiate the effect(s) of TRAIL, and the cytotoxic effect of combining an additive-type compound plus TRAIL was the sum of the effects of the two individual agents.
This report details the development and validation of the HTS, categorization of TRAIL sensitizer hits according to their dose-response curves ±TRAIL, evidence that a subset of synergistic TRAIL sensitizers rapidly potentiates the activation of the extrinsic apoptosis pathway, plus preliminary insights into possible mechanisms of action for two representative synergistic TRAIL-sensitizers. and 100 U penicillin/100 lg/mL streptomycin was added (Sigma; 1% v/v). Cells were incubated in 5% CO 2 /saturated humidity at 37°C. ACHN cells were found to have a cholesterol requirement for uniform growth in 384-well microtiter plates and were also sensitive to cold thermal shock (data not shown). ACHN cells were maintained at sub-confluent densities.
Materials and methods
Chemicals and reagents
High-throughput screening (HTS) assay development See Fig. 1 for a graphical description of the time course used for the HTS. On the day prior to an assay, passage 14 to 25 ACHN cells were fed fresh red medium in the morning and harvested after C6 h into clear test medium. Cells were seeded at 3,500 cells per well into clear 384-well tissue culture treated plates (BD Biosciences; San Jose, CA) in 40 lL total volume of clear test medium using a sterilized lFill dispenser (BioTek Instruments, Inc.; Winooski, VT). Parallel sets of plates (two per library plate, designated ''-TRAIL'' and ''?TRAIL'') were placed in the incubator without stacking and were left to attach to wells overnight (16-20 h) .
The next day, test compounds and controls were diluted to 109 final concentration in clear test medium and 5 lL per well was added to each set of assay plates using a Biomek FX-384 equipped with a multichannel pod and Span-8 head (Beckman Coulter, Inc.; Fullerton, CA). The following controls were included per individual assay plate: DMSO background (blank); 40 nM bortezomib (final concentration; positive control for ?TRAIL plate), and 5 lM sanguinarine chloride (final concentration; positive cytotoxicity control for -TRAIL plate), containing %DMSO matched to test sample content. Plates were returned to the incubator for 4 h ± 30 min. After presensitization, 5 lL of clear test medium was added per well to the entire -TRAIL plate and 5 lL of TRAIL (40 ng/mL final concentration) in clear test medium was added per well to the entire ?TRAIL plate. Plates were returned to the incubator and incubated overnight (20-21 h) .
On the final day, viable cell numbers were assessed using the XTT assay [57] Two separate Z 0 -factor quality control parameters were calculated, for -TRAIL and ?TRAIL plates, according to the method of Zhang et al. [74] : Each plate was subject to two quality control cutoffs to ensure reliability of data: (1) cell controls (either DMSOonly or TRAIL-only) must be C1.2 absorbance at 450 nm and (2) calculated Z 0 -factors for each plate must be C0.4 (maximum = 1.0).
Initial hits were retested in quadruplicate at the same concentration used in screening to confirm their activity. Confirmation of activity was based on the consistency of the best three out of four test values for each set of results (-TRAIL and ?TRAIL), to allow for random variation across plates.
SRB protein stain dose-response activity of hits ±TRAIL As a second measure, in order to eliminate potential metabolic effects (XTT measures cell metabolism via reductase activity), SRB protein staining was used as an alternative endpoint for the dose-response assays. To determine probable synergistic activity of confirmed hits with TRAIL, a dose-response assay was carried out using the SRB protein staining protocol for cytotoxicity [60, 66] , using the same cell line and similar conditions as those employed for the HTS (see Fig. 1 ). Controls were combined on each assay plate and included: SRB background absorbance (no cells), untreated (DMSO-only) cells, TRAIL-only cells, cytoxicity positive control -TRAIL (sanguinarine hydrochloride; one concentration), and synergy positive control ?TRAIL (bortezomib; one concentration plus a dose-response range).
Briefly, compound dilutions were prepared in clear test medium and added to cells. A similar protocol and time course to the HTS was employed, except that TRAIL was added to a final concentration of 20 ng/mL and the final overnight incubation took place for 24-25 h. Cells were fixed to the bottom of the wells by direct addition of 1:1 volume (50 lL) of ice cold 20% (w/v) trichloroacetic acid (TCA) solution. Plates were incubated at 4°C for 30-60 min to fix cells and then plates were aspirated and rinsed 59 with deionized water using an Embla 96/384 plate washer (Molecular Devices, Sunnyvale, CA), and then allowed to dry at room temperature. Wells were stained for total protein content using 30 lL of SRB (1 g/L in 1% acetic acid) for 1 h at room temp. SRB was removed with a wrist flick and plates were rinsed with 1% acetic acid until excess dye was removed. Then plates were tapped onto paper towels and allowed to dry at room temperature. Dye was re-solubilized by addition of 10 mM TRIZMA base solution (30 lL) and re-suspended on a rotary shaker for a few min before reading the plates for absorbance at 520 nm using a Safire 2 plate reader (Tecan Group Ltd., Männedorf, Switzerland). Results were plotted in SigmaPlot as three %RC curves per compound's dose-response: (1) compound/extract effect -TRAIL (cytotoxicity), (2) actual compound/extract effect ?TRAIL (synergy effect), and (3) predicted effect of compound/extract ?TRAIL (expected additive effect).
Luciferase assay for caspase-8 enzyme activation
The Caspase-Glo TM 8 Assay (Promega Corporation, Madison, WI; G8200) was performed, according to the manufacturer's instructions, on selected hits from the TRAIL HTS. (Note: Kits were used that contained the proteasome inhibitor MG-132 to help reduce nonspecific background signal contributed by proteasome activity present in the cell lysates.) On the day prior to the assay, passage 14 to 25 ACHN cells were plated at 7,000 cells/ well in 25 lL clear test medium in white luminescence tissue culture-treated 384-well plates (Corning #3704). Separate plates were used per time point and cells were allowed to attach to plates at 37°C overnight (16-20 h) .
The next day, compounds or DMSO solvent controls were added at 5 lL/well. Plates were returned to the incubator for 4 h. Clear test media blank or TRAIL (40 ng/mL) was added to cells at 5 lL/well. Plates were returned to the incubator for the appropriate period of time while any zero hour plates were processed immediately. For processing, plates were removed from the incubator, allowed to cool to room temperature for 10 min, enzyme controls were added if appropriate, and then 35 lL of the Glo lysis buffer was added per well (1:1, v:v). Plates were shaken on an orbital rotator for 30 s and then covered with aluminum foil and the luminescence signal was allowed to develop at room temperature for 2-4 h. Plates were read for luminescence on a Wallac Victor 2 1420 multilabel HTS counter. When background signal had decayed to a stable state, that data set was used (usually 3 h).
For the time course experiment, 10 units/well final concentration of purified caspase-8 enzyme (Biomol International, L. P., Plymouth Meeting, PA; SE-172) and 40 lM of the pan-caspase inhibitor Z-VAD-FMK (Biomol; P-416) were used in various combinations as controls, either in the presence or absence of cells. Enzyme dilution buffer contained 10 mM HEPES, 0.1% Prionex reagent, and was adjusted to pH 7.4. Controls were added to the plate after the 10 min cooling period and just prior to addition of the Glo lysis reagent. See Fig. 1 for a graphical description of the time course used for this assay.
Assessment of changes in mitochondrial membrane potential
The ratiometric fluorescent dye JC-1 [61] was used to monitor relative mitochondrial membrane potential. Cells were plated at 7,000 cells per well (25 lL/well in black wall, clear bottom 384-well plates) in clear test medium, allowed to attach overnight, then treated for 4, 8, or 24 h with compounds (10 lM final concentration, or DMSO vehicle control) or 4 h with compound followed by addition of TRAIL (40 ng/mL final) and additional incubation for 4 h. Immediately before use, JC-1 stock (10 mg/mL) was diluted to 0.2 mg/mL in DMSO then further diluted to 10 lg/mL in phosphate-buffered saline (PBS). JC-1 in PBS was immediately added to assay plates containing an equal volume of medium to give a final concentration of 5 lg/mL. After incubation for 30 min at 37°C, cells were washed 6 times with PBS followed by addition of 50 lL PBS per well. Fluorescence intensity was determined using the Tecan Safire 2 plate reader fluorescence plate reader (bottom read mode); 488 nm excitation, 538 nm (green) and 597 nm (red) emission. The fluorescence ratio was taken as a measure of mitochondrial potential [61] .
Western blots for caspase-8 proteolytic processing and p53 expression ACHN cells were seeded into 6-well tissue culture plates at 59.5 9 10 4 cells/well in clear test medium and the next day compound was added to a final concentration of 10 lM. Cells were sensitized for 4 h followed by addition of TRAIL to 40 ng/mL final concentration. Cells were harvested in lysis buffer at short intervals after addition of the TRAIL reagent using *165 lL per well. Lysis buffer contained: 50 mM Tris-Cl (pH 8.0), 300 mM NaCl, 5 mM ethylenediamine tetraacetic acid (EDTA), 0.5% Triton X-100, 40 lM Z-VAD-FMK, plus one mini-complete protease inhibitor tablet (Roche, Mannheim, Germany; 04 693 124 001) or 100 lL Halt Protease Inhibitor Single-Use Cocktail (Pierce Biotechnology, Inc., Rockford, IL; 78430) per 7 mL buffer. Lysates were clarified by centrifugation at 4°C for 15 min at 15,000 rpm and protein content normalized using the bicinchonic acid (BCA) assay (Pierce Biotechnology, Inc.).
Lysates were run under reducing conditions at 20 lg total protein per lane, in NuPAGE 4-12% Bis-Tris gels (1.0 mm 9 12 well; Invitrogen), using MES SDS running buffer and added antioxidant in the upper chamber. Protein bands were transferred to PVDF membranes using the manufacturer's transfer buffer containing added antioxidant (Invitrogen).
PVDF membranes (0.2 lm pore size) were blocked with 0.1% milk in TBS with 0.5% Tween 20 (0.2 lm filtered), washed briefly 29 with TBS ? 0.5% Tween 20 then incubated with the primary antibody in TBS ? 5% BSA ? 0.1% Tween 20 (0.2 lm filtered) overnight. The blots were then washed 49 with TBS ? 0.5% Tween 20 for 15 min each. Goat anti-rabbit HRP (Pierce Biotechnology, Inc.) was added in blocking buffer at 1:500 and incubated with the blots at room temperature for 45 min, the blots were washed 69 with TBS ? 0.5% Tween 20 for 15 min each, developed with Pierce SuperSignal West Femto Maximum Sensitivity Substrate, and then exposed to Kodak BioMax MR film.
Long-term survival of renal cancer cell lines ACHN, A498, and UO31 renal cancer cells were maintained in complete red RPMI-1640 medium and plated in clear test medium at 2.5 9 10 4 cells/well (ACHN, UO-31) or 5.0 9 10 4 cells/well (A498) in Costar 24-well plates. Cells were allowed to attach overnight. The next day, compounds were added, followed by medium blank or TRAIL (500 ng/mL final concentration; Peprotech) 3 h later. Cells were incubated with compound ?TRAIL overnight. The following day, plates were washed 29 with warm serum-free/additive-free RPMI-1640 medium and then re-fed with 2 mL/well complete growth medium. Cells were returned to the incubator for 5 days to allow for recovery and expansion. On day seven, plates were washed with 2 mL warm PBS and then fixed in 100% methanol. Plates were dried overnight and stained the following day with Crystal Violet for 10 min, washed with water, and allowed to dry. Surviving tumor cells could then be visualized following the staining.
Proteasome inhibition assay
The Proteasome-Glo TM Chymotrypsin-Like Cell-Based Assay (G8661) from Promega was used according to the manufacturer's instructions. Briefly, ACHN cells were plated at 1 9 10 5 cells/mL at 50 lL/well in 96-well white luminescence and clear tissue culture plates and allowed to attach overnight at 37°C. The following day, compounds were added as 49 stock solutions to 1, 5, and 20 nM (bortezomib and antibiotic M259) or 25, 50, and 100 nM (cyanocycline A) final concentrations. Compounds were incubated either 4 h or overnight in parallel plates for concurrent evaluation of growth inhibition via MTS (metabolic activity) measurement. Plates for proteasome inhibition evaluation were pre-cooled, Proteasome-Glo reagent was added in 100 lL volume per well, plates were covered and mixed at 700 rpm for 2 min, and then allowed to develop at room temperature for 10 min prior to reading on a luminometer. MTS plates were read for absorbance after 1.5 h color development at 37°C. Proteasome inhibition results were corrected for cell growth inhibition by the compound treatments.
Definition of synergy
A synergistic TRAIL-sensitizer was defined as a compound that potentiates the effect(s) of TRAIL such that the actual combined inhibitory effect on tumor cells of the compound plus TRAIL is at least 20% greater than the sum of their individual measured effects in a dose-response context using a fixed concentration of TRAIL ligand.
Results
TRAIL HTS development, reproducibility and validation
ACHN cells are not sensitive to recombinant TRAIL ligand at concentrations of up to 10 lg/mL (results not shown), but they can be sensitized to 40 ng/mL of TRAIL by preexposure to certain chemical sensitizers, including the proteasome inhibitor bortezomib (Table 1) . We screened pure compounds in the presence (''?TRAIL'') and absence (''-TRAIL'') of 40 ng/mL recombinant TRAIL ligand and selected compounds as hits which exhibited low cytotoxicity by themselves, but significantly reduced numbers of tumor cells when combined with TRAIL. In the HTS, bortezomib served as the positive control ?TRAIL. Bortezomib (40 nM) routinely reduces cell number by *20-40%, whereas in the presence of 40 ng/mL TRAIL, cell numbers are reduced by *75-85%. Order of addition experiments confirmed that sensitization to TRAIL-mediated growth inhibition was maximal when cells were pretreated with a chemical sensitizer followed by recombinant TRAIL ligand, rather than using simultaneous or reverse-order addition of reagents (data not shown). A presensitization lead time of 4 ± 0.5 h was sufficient for compounds to sensitize cells to the effects of TRAIL (results not shown) when cells were continuously exposed to both agents for 20 h after adding TRAIL. Sanguinarine hydrochloride alone at 5 lM reduces cell numbers by 75-85% and was used as the cytotoxic positive control for the -TRAIL portion of the HTS. The ACHN cells' response in the TRAIL HTS was somewhat variable depending on the lot of FBS (data not shown), and therefore one lot of FBS was utilized throughout the entire screen to ensure uniform response of the cells. Additionally, ACHN cells were found to 1) have a cholesterol requirement for uniform growth in 384-well plates and 2) be sensitive to cold thermal shock (data not shown). These limitations were overcome by supplementing red growth and clear test media with cholesterol and handling single plates one at a time without stacking.
Pure compounds were assayed in single wells at a final concentration of 10 lM. Based on initial results, TRAIL hits were defined as compounds reducing cell numbers by B30% in the absence of TRAIL and C75% in the presence of TRAIL, as measured by XTT absorbance value changes. The effect of TRAIL alone at 40 ng/mL was found to be variable, so the ?TRAIL screening plate was normalized to TRAIL-only treated cells.
Reproducibility of the TRAIL HTS was investigated by repeated testing of one chemical library that contained four hit compounds (MTDP-NP). The library was tested in triplicate sets of plates 1 day, and then hits were individually ''cherry-picked'' and retested in quadruplicate within one set of plates on a separate day. Intraday, intraplate and interday statistics were calculated (Table 2) . Intraday, intraplate and interday %CVs (not shown) for the ?TRAIL portion of the assay were all\5% when percent reduction in cell number (%RC) activity was high, indicating good reproducibility of the assay under these conditions. Intraday Z 0 -factors for the -TRAIL and ?TRAIL portions of the HTS were 0.55-0.88 and 0.55-0.58, respectively, indicating an excellent ability of the assay to detect both cytotoxic and TRAIL-sensitizing compounds and extracts. We observed that satisfactory Z 0 -factors (the range across the entire screen was 0.40-0.88) usually correlated with an average XTT absorbance value of C1.2 for the untreated cell controls.
During the course of screening, we discovered some pure compounds that have previously been reported to sensitize cancer cells to TRAIL. Some of these compounds are presented in Table 1 , and their mechanisms of action are listed.
SRB dose-response profiles of confirmed hits
Using a dose-response assay to follow up on confirmed hits from the HTS, we were able to define four categories of compounds: S (synergistic), S-T (synergistic-toxic), A (additive), and I (inactive). A synergistic TRAIL-sensitizer can be defined as a compound that potentiates the effect(s) of TRAIL such that the combined inhibitory effect on tumor cells of the compound plus TRAIL is significantly greater than the sum of their individual effects. Synergistic TRAIL-sensitizers may exhibit some cytotoxicity when administered alone, but at a higher concentration than that required to potentiate the effect(s) of TRAIL. This category of TRAIL-sensitizers is referred to as synergistic-toxic. In contrast, additive TRAIL-sensitizers do not potentiate the effect(s) of TRAIL, and the cytotoxic effect of combining an additive compound plus TRAIL is the sum of the two individual effects. Figure 2 shows examples from each category. Synergistic compounds exhibited B40% reduction of cell number at most concentrations tested -TRAIL Fig. 1 for a summary).
Modulation of mitochondrial membrane potential by synergistic TRAIL sensitizers
Of the 12 S/S-T hit compounds that activated caspase-8 only in the presence of TRAIL (Fig. 1) , two compounds altered the mitochondrial membrane potential (MMP), as measured by the JC-1 assay, in the presence but not absence of TRAIL: cucurbitacin D and trichopolyn B. Four compounds were not tested in this assay. Since compounds that activate the intrinsic apoptosis pathway can act via disruption of the mitochondrial membrane potential, this result suggests that these compounds may be acting via a TRAIL-dependent, intrinsic mechanism(s) of action. Six compounds had no effect on MMP, either with or without TRAIL present: antibiotic M259, cyanocycline A, mithramycin A, tetrocarcin A, cucurbitacin B, and MG-132, suggesting that these compounds may act mainly via the extrinsic apoptosis pathway. TRAIL alone did not have a significant effect on MMP after 4 h (94.8% of control) or 24 h (119.1% of control).
Effect of two synergistic TRAIL sensitizers on long-term survival of renal cancer cell lines M259 and cyanocycline A inhibited long-term survival of ACHN, A498 and UO31 renal cancer cells at 10 and 40 nM, respectively (Fig. 4) , in the presence, but not absence of TRAIL. These results support our initial characterization of cyanocycline A and M259 as synergistic-toxic TRAIL sensitizers, and also suggest that these compounds are predominantly cytotoxic, rather than cytostatic, in the presence of TRAIL.
Caspase-8 activation and proteolytic cleavage time course for two synergistic TRAIL sensitizers
As antibiotic M259 and cyanocycline A had potent doseresponse activity as S-T hits (Fig. 2) , a short time course of action for these compounds before and after addition of TRAIL was examined to determine whether they were causing both rapid enzyme activation and proteolytic cleavage of caspase-8. Because the HTS used a long time course that likely allowed for activation of multiple downstream and possibly non-extrinsic pathways (see Fig. 1 ), we wanted to investigate whether the HTS was selecting for a subset of compounds that activated the extrinsic pathway earlier in time. Figure 3 illustrates the ability of antibiotic M259 and cyanocycline A to activate and cleave caspase-8 at 3 and 2 h, respectively, after presensitization (4 h) of cells followed by addition of TRAIL and subsequent observation (0.5-4 h post-TRAIL addition; up to 8 h total observation).
p53 expression time course for antibiotic M259 and cyanocycline A Both M259 and cyanocycline A caused a significant increase in p53 protein levels by 1 h in ACHN cells treated with 10 lM compound (Fig. 5) . Protein levels appear to slowly and steadily increase through 8 h in cells exposed to either compound.
Effect of antibiotic M259 and cyanocycline A on the proteasome Neither M259 nor cyanocycline A inhibited proteasome activity in ACHN cells at 1, 5, and 20 nM or 25, 50, and 100 nM, respectively, at either 4 h or overnight exposure (Fig. 5) . However, the proteasome inhibitor bortezomib gave a concentration-dependent inhibitory response over 1, 5 and 20 nM under the same conditions, indicating that the two test compounds do not appear to be acting as proteasome inhibitors.
Discussion
The focus of the current study was on the development of a high-throughput screening (HTS) assay to detect compounds that are relatively nontoxic as single agents but significantly reduce tumor cell number in the presence of the TRAIL death receptor ligand. It was beyond the scope of the current study to test multiple dose combinations of each compound-TRAIL combination screened (i.e., isobologram analysis). We identified 70 confirmed active pure compounds, out of 16,480 initially tested, and carried these forward into subsequent assays. Of this group of 70 confirmed hits, we could re-acquire only 36 due to resupply issues and these were tested for their dose-response activity. Of the 36 re-acquired compounds, 18 were found to be synergistic or synergistic-toxic in combination with TRAIL ligand, 11 were additive with TRAIL, and the remaining seven were inactive. Of the 18 synergistic or synergistic-toxic TRAIL sensitizers found, 14 were pure natural products and four were synthetic compounds, confirming the utility of including natural product libraries in our screening effort. In the HTS, several pure compounds were discovered that exhibited a strong dose-dependent reduction of tumor cell numbers in the presence, but not absence, of TRAIL. Many previously reported TRAIL-sensitizers have not been characterized as to whether they have synergistic or additive effects with TRAIL on tumor cells in vitro (i.e., resveratrol [16] , cisplatin [33] , and bisindolylmaleimide III [34] ). Therefore, we decided to characterize the types of TRAIL sensitizers we found in our HTS. Some of our synergistic TRAIL sensitizer hits (i.e., antibiotic M259, cyanocycline A, and mithramycin A) exhibited activity in the sub-lM range in the presence of TRAIL, suggesting that these TRAIL-sensitizers may be reasonably expected to produce in vivo effects at physiologically achievable serum concentrations.
The synergistic or synergistic-toxic TRAIL sensitizers were observed to have a relatively rapid mechanism(s) of action that resulted in apparent cell death after 4 h presensitization with compound followed by 20-25 h cotreatment with TRAIL ligand. Six of these compounds (antibiotic M259, cyanocycline A, mithramycin A, tetrocarcin A, cucurbitacin B, and MG-132) exhibited a synergistic dose-response effect on reducing cell numbers in the presence of a fixed dose of TRAIL ligand, and activated caspase-8 only in the presence of TRAIL within a short time course (4 h post-treatment with TRAIL). They also did not affect the MMP within the same time frame, suggesting that this group of compounds may specifically and rapidly act to enhance the extrinsic, but not intrinsic, apoptosis signaling pathway. Longer-term tumor cell survival studies showed little colony re-growth present in wells treated with the combination of antibiotic M259 or cyanocycline A plus TRAIL (Fig. 4) , indicating that these compound-TRAIL combinations were cytotoxic rather than cytostatic. This observation may be important in the context of preventing emergence of TRAIL resistance in tumors treated with TRAIL sensitizers plus TRAIL.
We chose a caspase-8 activation assay as an immediate downstream assay from the SRB dose-response evaluation because caspase-8 enzyme activation is the earliest point at which one can functionally measure an increase in activation of the extrinsic apoptosis pathway [34] . Also, it is possible that the synergistic TRAIL-sensitizers plus TRAIL can activate pathways that converge at the level of caspase-8 activation [46] . Surprisingly, none of the compounds tested significantly increased caspase-8 activity in the absence of TRAIL. In the Western blot experiments, observation of cells immediately before harvesting indicated that cells treated with compound ?TRAIL were rounding up off the plate and exhibited shrinking cytoplasm by 4 h post-addition of TRAIL (data not shown). This time course is faster than most researchers report for cells undergoing intrinsically mediated apoptosis [72] , suggesting that our screen may be selecting for hits that target the extrinsic pathway. Rapid proteolytic processing of caspase-8 (within *30-60 min) has been observed in the context of anoikis (cell detachment-induced apoptosis) [17] , and treatment of cells with antibiotic M259 for 4 h followed by TRAIL resulted in significant numbers of cells detaching from the plate within the 4 h post-TRAIL period observed (data not shown). This suggests that anoikis may be one possible mechanism of action by which some synergistic TRAIL-sensitizers act to cause cell death.
Cleavage of caspase-8 into 43/41, 18, and 10 kDa fragments is reported to correlate with simultaneous Of the six synergistic TRAIL sensitizers, it is interesting to note that five are reported to target DNA and/or RNA in one manner or another: antibiotic M259 (DNA and RNA synthesis inhibition) [53] , cyanocycline A (DNA and RNA synthesis inhibition; DNA-binding) [19, 20] , mithramycin A (DNA fragmentation; DNA minor groove binding) [27, 28] , 23,24-dihydrocucurbitacin B (closely related to cucurbitacin B; causes DNA fragmentation) [72] and tetrocarcin A (DNA synthesis inhibition; DNA fragmentation) [36, 39] , suggesting that nucleic acid oxidation-, damage-, or synthesis-sensing mechanisms may feed into the TRAIL signaling pathway at early time points. This insight may lead to further exploration of pathways involving RNA/DNA synthesis inhibition, reactive oxygen species generation, p53, p21, and CDK regulation and their potential interaction(s) with the TRAIL death receptor signaling system. p53 is a tumor suppressor that can be rapidly activated in response to DNA damage or other chemical insults to a cell, such as the generation of reactive oxygen species, and its prolonged activation can result in programmed cell death [52] . Increase in levels of p53 protein expression in ACHN cells by selected hit compounds would be suggestive of the involvement of DNA damage-related pathways in their mechanism(s) of action. Both antibiotic M259 and cyanocycline A increased levels of p53 in the absence of TRAIL, beginning at 1 h and peaking at or after 8 h in cells (Fig. 5) .
In the course of its turnover in a cell, p53 is polyubiquitinylated, which acts as a tag to shunt it into the proteasome for proteolytic inactivation and disposal. Inhibiting the proteasome would be expected to indirectly increase levels of p53 by prohibiting its degradation, giving the same result as one might see for mechanisms acting upstream to directly increase p53 levels. Therefore, we also tested M259 and cyanocycline A for their ability to inhibit the proteasome. Figure 5 illustrates that, even at extended Fig. 4 Long-term survival of a ACHN, b A498, and c UO31 renal cancer cells after treatment with cyanocycline A or antibiotic M259 ± 500 ng/mL TRAIL. Compounds were added, followed 3 h later by TRAIL, and incubated overnight. The following day, compounds were washed off and fresh medium was added. Cells recovered for 5 days before being fixed and stained for analysis time points as were used in the screening assay, M259 and cyanocycline A did not inhibit the proteasome, whereas bortezomib, a known proteasome inhibitor, robustly inhibited proteasome activity across an equivalent concentration range. Taken in context, these two results suggest that both M259 and cyanocycline A act to rapidly induce an increase in p53 via an upstream and early mechanism that potentially involves DNA damage, generation of reactive oxygen species, or another target(s) that causes an immediate feedback signal into the p53 pathway, rather than by prohibiting the degradation of p53 protein via the proteasome. Further studies are needed to characterize the exact mechanisms of action of M259 and cyanocycline regarding how the p53 and caspase-8 pathways may or may not be interacting to sensitize resistant cells to the effects of TRAIL.
The rapid activation of caspase-8 by the DNA/RNAinhibitory compounds mentioned above suggests the involvement of multiple and simultaneously occurring mechanisms that converge to cause rapid cell death in addition to direct nucleic acid effects. In fact, cyanocycline A is reported to inhibit both RNA and DNA synthesis with IC 50 values of *0.02 and *0.2 lg/mL, respectively, after treating cells for only 2 h [19] . Cyanocycline A was active at 100 nM (*0.04 lg/mL) in the presence of TRAIL in our assays. Interestingly, M259 has also been reported to inhibit the incorporation of radio-labeled guanine into both RNA and DNA after 6 h treatment of cells [53] .
Additionally, 23,24-dihydrocucurbitacin B (related to cucurbitacin B) causes DNA fragmentation in cells treated with 3.6 lM for 6 h [72] . The inhibition of nucleic acid synthesis may occur via the targeting of RNA and DNA polymerases, an enzymatic effect that can be expected to occur on a faster time scale versus genomic regulatory effects resulting from accumulation of DNA damage. During assay validation we discovered several other known nucleic acid synthesis inhibitors that also synergized with TRAIL (Table 1) : actinomycin D, doxorubicin, mithramycin A, and mitomycin derivative T58, supporting this hypothesis. Results presented in Fig. 4 suggest that these nucleic acid-inhibitory agents sensitize other cancer cell lines besides ACHN to TRAIL-mediated killing. If these results are also found for additional DNA-acting agents tested across various tumor cell lines in the presence of TRAIL, it may imply that certain established DNA-targeting chemotherapies will find new utility as TRAIL sensitizers at lower dosing regimens than are needed to cause their DNA-mediated effects. In fact, two antineoplastic DNA synthesis inhibitors, gemcitabine and cisplatin, are presently being studied for their effects in combination with TRAIL in humans [3, 10, 21] .
Further studies on these DNA-acting agents are necessary to confirm their exact targets, such as RNA and DNA polymerase, cell cycle regulatory proteins, etc., plus non-DNA-related mechanisms such as induction of endoplasmic reticulum and/or mitochondrial stress responses and changes in membrane dynamics of DR4/DR5 receptors such as their oligomerization, endocytosis and signaling. It will be important to understand whether inhibiting these or additional targets would provide signaling feedback that rapidly activates caspase-8 in the TRAIL pathway. However, non-nucleic acid-inhibiting TRAIL-synergizing hits (proteasome inhibitor MG-132, triangulyne polyacetylenes) were also discovered in our HTS, suggesting that there exist additional unique and novel-acting chemical classes of TRAIL sensitizers. Sensitivity to TRAIL may be governed by an apoptotic signaling threshold, or set point [46, 63] . In this case, one cannot expect to overcome TRAIL resistance in tumor cells that do not possess functional TRAIL pathway signaling machinery. However, in cells where the signaling is present, but attenuated via regulatory mechanisms, it may be possible to re-sensitize them to TRAIL by pre-administering compounds that enhance death receptor signaling. When administered in conjunction with TRAIL, TRAIL synergizers may be considered as potential combinatorial therapeutics. The efficacy and safety of TRAIL synergizer-TRAIL regimens are currently being evaluated in clinical trials, with results pending [3, 10, 21] . The clinical success of synergistic multi-drug therapies is dependent on three conditions: (1) the careful choice of individual treatments one wishes to combine, (2) the use of optimized doses, and (3) selecting the proper timing of administration(s) [50] . From a drug discovery point of view, it is desirable to develop synergistic assays that properly bias the lead output toward the subset of compounds that will be useful as combinatorial therapies. Dosing regimens and toxicity of therapeutic protocols utilizing TRAIL sensitizers is a research area that is only beginning to be explored and one can expect many new insights to emerge over time. The availability of new compounds having potentially novel mechanisms of action will also contribute to an increased understanding of the biological pathways that contribute to TRAIL-mediated apoptosis.
